The dielectric barrier discharge (DBD) in the glow regime in neon has been investigated by experiment and two-dimensional (2D) fluid modeling. The discharge was carried out in a planar DBD system with segmented-electrodes driven by square-wave voltage. The results show that the glow DBD originates in the center of the electrode and expands outward to the electrode edge during each half cycle of the voltage, forming a radial structure. The discharge decays firstly in the inner area but sustains longer in the edge area, showing a reversed discharge area. The discharge cannot completely cover the entire electrode surface, but remains a border of non-or weak discharge. The fluid modeling shows a similar result in agreement with the experiments. The simulations indicate that the electric field in the edge area is distorted due to the boundary effect so that the electric field and charge distribution are different from that in the inner part. The distorted field reduces the longitudinal component near the edge and causes the local field to be lower than that in the center, and hence makes the discharge behindhand. It also induces a transverse field that makes the discharge extend radially outward to the edge. The boundary effect plays an important role in the glow DBD structure.
Introduction
Dielectric barrier discharge (DBD) is one of the most popular discharges to create active non-equilibrium plasmas, and has been widely used in thin film deposition [1−3] , biodecontamination [4−6] and aerodynamic flow control [7, 8] . DBDs can operate under a wide range of pressure from several Torr up to atmospheric pressure, and can be driven by pulsed or sinusoidal voltage with frequency from tens of Hz to several tens of kHz. Generally, DBD at atmospheric pressure consists of a large number of filamentary micro-discharges, so called filamentary streamers. At low pressures especially in noble gases, glow discharge may be achieved, which has been widely used in light sources and display [1] . The conventional concept of glow DBD evolution supposes that a homogeneous breakdown occurs during each half-cycle, and the non-equilibrium plasma fills the entire electrode area. However, such a simplified scenario can only be accepted as a crude one. Some studies showed that the glow DBD is usually not uniform during a single current pulse. For example, Mangolini et al. [9] found that the current pulse originated from the center of the electrode and spread outward radially. They suggested that the glow-like discharge is formed by a radially propagating ionization wave. Similar results have been shown by Luo et al. [10] with the help of visualized three-dimensional images that were transformed from the photographs obtained by a fast-gated intensified charge coupled device (ICCD). They found that the discharge develops from the central part to the outer peripheral region. They considered the dielectric as many small capacitors that are uniformly distributed over the entire area of the covered electrode and the discharge channel that charges a small capacitor, corresponding to a small area of the dielectric, quenches when the voltage across this small capacitor rises, making the voltage across this discharge channel decrease to a value below the breakdown voltage. With pulsed voltage, Zhang et al. [11] found that two discharges can be ignited during one voltage pulse and exhibit different radial behaviors that are determined by the electron density distribution right before this discharge is ignited. According to two-dimensional (2D) modeling of the discharge in nitrogen, Golubovskii et al. [12] suggested that the uniform discharge could be interpreted as the widening of a single-electron avalanche due to photoemission. The discharge passes successively through the Townsend phase, streamer phase, radial expansion phase, and finally afterglow phase. Radu et al. [13, 14] studied the gradual evolution of discharge over the electrode area and found that the discharge durations of current pulses are very close in their time scale. Malik et al. [15] also found that the discharge can be radially localized and its evolution from the electrode center to the periphery during the current pulse is mainly controlled by the external circuit properties.
Although radial evolution of DBDs has been found by experiments and simulations, the physical mechanism for these radial behaviors is still unclear. Mangolini et al. [9] regarded the surface charge as the key in the radial evolution, but they did not give a detailed explanation. Meanwhile, the boundary of the electrode contributes to the DBD structure. Stollenwerk et al. [16] found that the patterns started from the boundary of the electrode and developed to the center of the electrode in a 2D simulation. Duan et al. [17] found that the patterned structure is affected by the shape of the electrode due to the boundary effect; however, they did not give further explanation on where this boundary effect comes from and the role it plays in pattern formation. The formation mechanism of selforganized patterns is still one of the most challenging subjects in DBD systems; investigating the boundary effect of a DBD electrode might supply a different viewpoint for the mechanism of the uniform or patterned structure (transverse instability) of glow DBD.
In this paper, we focus on the radial behavior of planar glow DBD and its temporal evolution during stable discharge. The aim is to understand the formation mechanism of a radial structure and how the electrode boundary affects the discharge process as well as the DBD structure. For this purpose, we employed a parallel-plate DBD cell in experiments together with a 2D fluid modeling.
Experiments and fluid model

Experimental setup
The experimental setup is shown schematically in Fig. 1 . The cell is a sealed glass vessel with a thickness of e = 1 mm and a relative permittivity of ε r = 10.5. The filling gas is pure Ne at 25 Torr. The gas gap is h = 1 mm. A MgO layer of 0.5 μm was coated on the inner sides of the glass so as to improve the secondary electron emission and lower the operating voltage. The electrodes are put outside the cell. The dimension of the electrodes is 2 cm in diameter. The upper electrode is of transparent indium tin oxide (ITO) and the bottom one is of aluminum foil. The bottom electrode was divided into four electrically insulated concentric segments, as previously explained in Ref. [18] . The central one is 0.5 cm in diameter and the others have a width of 0.2 cm, separated by a very small spacing (about 0.01 cm). The effective areas of the four segments (from S1 to S4) are 0.1963 cm 2 , 0.589 cm 2 , 0.9817 cm 2 and 1.3744 cm 2 , respectively. Each segment is connected to the ground through a non-inductance resistor of R = 1.5 kΩ. The current on each segment is determined by the voltage drop across the resistor, given by I i = V i /R. The upper electrode is connected to a power source of square-wave with a large range of frequency and amplitude. The voltage supply and the discharge current were measured by a digital oscilloscope (Tektronix TDS-3054B). An ICCD camera (Roper Scientific PI-MAX 1k) was used to record the time-dependent light emission from a top view. A digital CCD camera (Canon A640) was used to measure the time-averaged light emission from the top view. 
2D Fluid model
The glow DBD processes are simulated by using a 2D fluid model which has been used previously [19−21] . The distributions of all particle species and electric field are obtained by solving the coupled continuity equation and Poisson equation. For the details of the model description, please refer to Refs. [19] [20] [21] . As before, we consider only Ne + and electrons in the neutral Ne background. In previous work, the simplified model has been proved to be able to reproduce either the essential characteristics of the glow DBD process in one period [20] or the time-dependent evolution of the DBD structure [16, 20, 22] . So it is appropriate to study the radial structure and the boundary effect in the present condition.
The simulation area and gas parameters are the same as in experiments. The 0.3 cm×5 cm area is discretized by 30×150 grids. The electrode at the bottom (2 cm in width) is divided to seven segments, with the central one being 0.5 cm in width and 0.25 cm for others. Due to symmetry, the electrodes from the center to the edge are marked as S1, S2, S3 and S4, respectively. The initial charge density in space is 10 6 cm −3 and the lower limit is 10 4 cm −3 .
Results and discussion
Experimental results
The current waveform and timedependent development of uniform DBD
The measured breakdown voltage is about V br = 110 V for the present DBD cell. The breakdown voltage does not change obviously with the frequency ranging of 50 Hz-50 kHz under our conditions. The critical frequency for patterned DBD is about 2 kHz. We chose a voltage supply of V S = 150 V (400 Hz) in our experiments to ensure a stable uniform discharge.
The stable glow DBD looks nearly uniform from the time-averaged image of the light emission, and the current is typically one single pulse, as shown in Fig. 2 . From the current waveform, the lag is about 2 μs and the duration is about 3 μs with a rising time of 0.72 μs and decay of 2.28 μs. However, the discharge does not cover the whole electrode surface; there is a dim border in the edge area where the light emission is much weaker than that in the inner area. The time-dependent images show a non-uniform discharge process in a current pulse, as seen from Fig. 3 . These ICCD images were obtained from the top view with a camera gate of 60 ns. The times (i.e., t= 2.78 μs, 3.19 μs, 3.39 μs, 3.62 μs, 3.96 μs and 4.58 μs) correspond to the opened stars " " in Fig. 2(b) . The radial distribution of the emission intensity at the corresponding time is also shown in Fig. 3 . Fig. 3 shows that the discharge ignites from the inner area of the electrode. A uniform distribution of light intensity can be seen in this area. As the discharge develops, the light emission in this area becomes stronger and stronger, and reaches its maximum around the current peak (t = 3.39 μs). After the peak, the bright area becomes weaker and weaker, accompanied with expansion of the discharge towards the electrode edge. The light emission in the vicinity of the electrode edge then becomes stronger, showing a radial structure of the discharge. During the decay of the discharge, the edge area maintains light emission for a longer time, so that a reversed discharge phase appears. Eventually, the light emission weakens gradually and disappears. The evolution of glow DBD at lower or higher voltages is similar to the above process, except for the difference in emission intensity. Also the edge area changes slightly accordingly. This has also been observed previously [21, 23] .
Currents on segmented electrodes
The currents on the segmented electrodes give a clear demonstration of the radial evolution of discharge along the electrode. Typical oscillograms of the discharge currents on the segments are plotted in Fig. 4 for V S = 150 V (400 Hz). The upper one is a positive current when the segments act as a temporal cathode, while the bottom is a negative current for the anode. The displacement current due to the voltage rising has been subtracted from the total current. One sees that the currents on the four segments do not develop simultaneously. The current peak on each segment appears at 3.32 μs, 3.37 μs, 3.47 μs, 3.70 μs on the cathode, and 3.40 μs, 3.40 μs, 3.51 μs, 3.70 μs on the anode, respectively. An order of time is exhibited from the inner to the outer side, i.e., the discharge current is not synchronous on the whole electrode surface. The discharge starts from the inner part of the electrode, firstly on S1 and S2. Then it develops outward to S3 and S4. This development is similar to that in a coplanar DBD [18] or planar DBD with asymmetrical electrodes (e.g., matrix PDP [24] ), even if the electrode configuration is symmetric in the present case. This is different from the delay time of the RC circuit. When we increased the area of the inner segment so that it is larger than the outer one, the current peak of the inner segment still appears earlier than that of the outer one. It evidences a radial structure of planar DBD which does not depend on the external circuit. The discharge is actually non-uniform over the whole surface, though the time-integrated image looks uniform. The discharge on the boundary is weaker. Moreover, the currents on the segments have similar rising edges but different decay times. Especially, the decay time is much longer on S4, lasting for about 3.7 μs and showing a boundary effect.
The non-uniformity of DBD can also be seen from the charge transfer during a pulse. For a stable DBD, the charge transfer is Q tr = ∫ Idt. Then the effective specific capacitance is calculated by C eff = Q tr /2AV S (where A is the electrode area). On the other hand, the specific capacitance can be obtained from the discharge area when the discharge is complete, determined as C th = ε 0 ε r /2e = 3.52 pF/cm 2 under the present configuration.
The measured charge transfer on the segments and the specific capacitance for different voltages are shown in Fig. 5 .
It is seen that the effective capacitance depends on the position of the segments. For the central segment (S1), C 1 is almost equal to the theoretical value C th = 3.52 pF/cm 2 . The capacitance of the other segments depends on the voltage supply. Generally, the capacitances C 2 and C 3 are closed to the theoretical value C th at higher voltages but a little smaller than C th at lower voltages. However, on segment 4, the capacitance C 4 is always smaller than the theoretical value. This indicates that the discharge cannot develop completely at the electrode edge even if at very high voltage (e.g., V S = 200 V in our experiments).
Fig.5
The charge transfer and effective specific capacitance of the segmented electrode at different voltages
Fluid modeling
The DBD properties are analyzed numerically based on the 2D fluid model described in section 2. Since the time lag is generally larger than the rising time of the voltage in experiments, we used a square-wave voltage (i.e., the rising time is 0) in the calculations. The other conditions are taken from the experiment. The discharge process in the simulations is described by the ionization rate which reflects the distribution of high-energy electrons as well as atom excitations, so that it can compare with the light emission in experiments. The spatial integrated ionization rate along the discharge channel as a function of the transverse position within a single pulse corresponds to the time averaged image from the top view.
The calculated breakdown voltage for the present DBD system is about 130 V, and it does not change significantly with the driving frequency. The critical frequency for patterned DBD is 60 kHz. The discrepancy between the experimental and the simulative frequencies might come from the simplified diffusion mechanism in our model. The higher transition frequency in the simulation might relate to the overestimation of the diffusion coefficient during the afterglow. In this simulation, D e /μ e = k B T e /e for electrons (i.e., the Einstein relation, D e and μ e are diffusion and drift coefficients, T e is the electron temperature and k B is the Boltzmann constant), which is set to a constant of 2 V. It should be higher than the diffusion coefficient in an afterglow governed by the mechanism of ambipolar diffusion. A longer duration of afterglow is expected if the electron temperature is reduced [21] . The breakdown voltage and the critical frequency are not exactly the same as in the experiment. We chose voltage of V S = 170 V (40 kHz) to compare with the experimental results at V S = 150 V (400 Hz). Under this condition, a stable uniform DBD can be achieved after several breakdowns.
Current waveform and time-dependent development
The calculated current and the spatial distribution of the ionization rate at different times are shown in Fig. 6 . Each frame of the ionization rate has been normalized. Colour is used to demonstrate the intensity of the ionization rate, in which red area shows the highest and blue shows the lowest. The vertical axis y of Fig. 6(b) represents the height of the gas gap and the horizontal one (x-axis) is along the electrode. The calculated current waveform is similar to the measured one in Fig. 2 except for the exact time scale. The duration of the calculated current is about 2 μs with a rising time of 0.46 μs and a decay of 1.54 μs. The calculated evolution of the DBD is also similar to the experimental one in Fig. 3 . When the discharge current begins, an area of a high ionization rate (with a width of w = 1.66 cm) appears above the dielectric surface in front of the anode. The discharge is nearly uniform in this central area from the distribution of the ionization rate. Then the discharge develops towards the cathode as the current rises. After the current reaches its peak at 0.42 μs, the ionization rate begins to decrease in the inner area. However, the region with the high ionization rate moves radially toward the electrode edge, while the ionization rate in the inner area decreases significantly during the expansion. This leads to a reversed phase of the discharge over the electrode surface (see frames at t=0.46 μs and thereafter). As the current decays continuously, the ionization decreases gradually and disappears finally in the edge area.
If one considers the numerical result as a radial cut through the diameter of the cell, the qualitative behavior from the 2D fluid model is just the same as the experimental one in Fig. 3 . The only difference is that the values of driving frequency and voltage are a little higher in the simulation. Fig. 7 shows the calculated currents on the segments for cathode and anode.
Currents on segmented electrodes in simulation
Similar to the experiments, the currents on the four segments do not develop simultaneously. Especially on S4, the current density is smaller and the current lasts for a remarkably longer time. Although the difference between S1, S2 and S3 is not as large as in experiments, the currents on the segments indicate that the discharge in the edge area occurs always later than that in the inner area but sustains for a longer time, showing a radial structure and boundary effect.
Different from the experimental results, the current density on the inner segments (from S1 to S3) is almost the same. Moreover, the peaks on the segments appear within a very small interval and do not constitute an obvious time series as in the experiment (especially on the cathode, as seen in Fig. 4 ). This might be due to the simplified model adopted in the simulations. The motion (drifting or diffusing) of the charges in the model is not the same as in the real DBD cell and the potential in the inner area is much more uniform than in the real cell. Therefore, the discharge in the inner area is generally similar. However, there are obvious differences in both the amplitude and the time of the peaks near the edge (i.e., from S3 to S4) where the electric field changes greatly. This indicates that the present simplified model can reproduce the main characteristics of the DBD and the boundary effect. The calculated capacitances at different voltages are shown in Fig. 8 . It is seen that the specific capacitances are different for the four segments. For the central parts, the capacitance decreases from S1 to S3, but very slightly. The value is almost the same as the theoretical one (C th = 3.52 pF/cm 2 ). However, the capac-itance of S4 is always less than the theoretical value as well as the others; it also decreases obviously at lower voltages. This means that the discharge becomes weak in the edge area at lower voltages. 
Discussion
From the above results, one sees that the discharge near the electrode edge depends strongly on the voltage supply. Actually, there is a region of weak discharge in the edge area. This region changes its width as the applied voltage increases, as shown in Fig. 9 for the distribution of the time-integrated ionization rate during a current pulse. Fig.9 Normalized distribution of time-integrated ionization rate during one pulse for different voltages. The displayed region is the same as shown in Fig. 6(b) At the lower voltage of 170 V, the width of the nondischarge region on each side is about Δw = 0.162 cm, or the DBD does not occupy the full surface of the electrode. This region decreases a little at higher voltages. For example, it becomes Δw = 0.067 cm at a voltage of 280 V. However, this region would not disappear completely when the electrode is finite.
The weak discharge region is due to the boundary effect of the electrode. This can be seen from the distributions of the electric potential and the charges during the discharge development. Fig. 10 shows the spatial distributions of the space ions, the electrons, the surface charges and the potential at different times. The calculated conditions are given in Fig. 6 . The time for each frame is also the same as in Fig. 6 .
It is seen in Fig. 10 that at the very beginning (i.e., the moment that the applied voltage changes its polarity), the space charges are nearly uniform. The surface charge density (electrons on the cathode side and ions on the anode side) is also uniform in the inner area of the electrode, but is a little smaller in the edge area. The potential contours are distorted significantly near the edge. In this area, the electric field is not longitudinal but has a transverse component, with a value of 0.4 kV/cm. On the contrary, the field in the inner area is longitudinal and nearly uniform, with a value of 2.8 kV/cm which is stronger than that in the edge area. This stronger electric field causes the discharge to ignite firstly in the inner area, and the ionization rate is also larger. As the discharge develops, the inner area is filled with conductive plasma and the field reduces greatly. On one hand, some electrons will move towards the electrode edge due to diffusion. On the other hand, the transverse field also causes a radial motion of the electrons (see Fig. 10(b) at the time of 0.31 μs). After the current reaches its peak (t=0.46 μs), charging of the insulator surface leads to an enhancement of the radial electric field at the boundary of the discharge channel. Then the space charges keep moving to the periphery of the electrode under this transverse field. Consequently, the electric field near the edge is strengthened. When the field becomes strong enough to breakdown the gas, the discharge will sustain in this edge area, even if the discharge in the inner area tends to stop (see t= 0.60 μs and thereafter). This leads to a radial structure of the planar DBD and a reversed discharge phase. Compared with the inner area, the discharge in the edge area is weaker due to the smaller field strength. The ionization rate and hence the plasma density or light emission are also lower in the edge area. When the field becomes too low for electrons to ionize the gas atoms, the discharge extinguishes gradually in the edge area. This is in agreement with the experimental images in Fig. 3 .
At higher voltages, the process is almost similar and the uniform region becomes larger. However, this region is limited and always less than the electrode length. In other words, a finite electrode will exhibit a boundary effect.
As seen in Fig. 10 , the calculated potential is nearly uniform in the inner area, but has a significant gradient near the edge. The discharge state is therefore similar in the inner area when the initial electrons in volume are uniform, but the discharge near the edge would be delayed. This also results in a similar specific capacitance of the segments in the inner area, with a smaller specific capacitance in the edge (on S4). We therefore considered that the boundary effect causes a change of potential near the edge, and hence an asynchronous discharge in the inner and edge area (or a radial DBD structure).
The boundary effect causes not only a radial behavior in glow DBD, but also might result in a patterned DBD under suitable conditions. The electric field is distorted by the electrode boundary that makes the local discharge different from that in the inner area. At the same time, this region can confine a few electrons during the discharge (see Fig. 10(b) ). If the plasma decay time is longer than the half period of the voltage pulse, the electrons will keep a higher density near the edge than in the inner area. When the density is sufficiently high, the discharge in this region might occur synchronously or ahead of the discharge in the inner area even if the local field is relatively lower. As can be seen in Fig. 11 , the initial electron density is 10 6 cm −3
in the inner area and 7×10 6 cm −3 in the edge. In this case the discharge starts from the edge even if the local field is lower than that in the center. This local discharge leads to an activation-inhibition effect under appreciate voltage that makes the non-uniformity of the space charges develop, as shown previously in Ref. [21] . Finally, a patterned DBD structure appears. Actually, previous experiments [16, 20] also illustrated that the pattern generally starts from the boundary of the limited electrode and develops into the center of the electrodes. However, when the electrons are uniform at low frequency, the discharge starts from the inner area where the electric field is stronger. No patterned but radial DBD will appear. 
Conclusions
We investigated the radial behavior of glow DBD via experiments together with 2D fluid modeling. With the help of segmented electrodes, the discharge current at lower frequencies is found to not be synchronous but developing from the inner to the edge area. The discharge firstly ignites in the central part of the electrode both in experiment and in simulation. Then the discharge develops outward to the electrode edge as the current is growing up. After the current peak, the discharge in the inner area becomes weak and stops quickly, but the discharge in the edge area will be sustained for a longer time. The discharge quenches there when the field could not break down the gas. A radial structure appears in the planar DBD and a reversed discharge phase can be observed during the discharge development. The radial behavior of DBD relates to the finite dimension of the electrodes, which cause a kind of boundary effect. The electric field near the edge is weaker and has a transverse component compared with the stronger and uniform field in the inner area. Consequently, the discharge starts from the inner part and moves radially toward the electrode edge. However, at higher frequencies, the electrons confined in the edge region could be high enough to make the local discharge occur earlier than the neighborhood, resulting in an activation-inhibition effect. Consequently, patterned DBD would develop from the boundary into the center of the electrode. We conclude that the boundary effect is the reason for the radial structure of glow DBD, as well as the patterned structure at higher frequencies.
